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Apoptosis of cultured rat glomerular mesangial cells induced by JgG2a
monoclonal anti.Thy-1 antibodies. Anti-Thy-I nephritis is a model of
mesangial proliferative glomerulonephritis. It has been suggested that
apoptosis, which is a counteracting regulatory mechanism against undes-
ired cell proliferation, is involved in sequential histological changes in this
model. In the present study, we investigated whether IgG2a anti-Thy-I
monoclonal antibody (ER4) or its F(ab')2 fragments are able to induce
apoptosis of rat glomerular mesangial cells (GMC) in vitro. After co-
culture with ER4 or its F(ab')2 fragments, apoptosis was assessed by
morphological studies with Hoechst 33258 stain and FITC-annexin V. The
latter detects the dislocation of negatively charged phospholipid, phos-
phatidylserine, from the inner to the Outer leaflet of the membrane during
apoptosis. This is a sensitive method for the detection of apoptosis. Under
fluorescent microscopy, distinct nuclear condensation and positive reac-
tivity with FITC-annexin V were observed in cells co-cultured with ER4 or
its F(ab')2 fragments. The results obtained by FACS analysis with annexin
V showed a direct correlation with the detection of apoptosis with the
terminal deoxynucleotidyl transferase reaction (TDT). Up to 19% and
23% of rat GMC, which were co-cultured for 24 hours with 1 jLg/ml (0.5
x io cells) of ER4 or its F(ab')2 fragments, were labeled by TDT,
respectively. With annexin V, up to 34% and 31% cells displaying
apoptosis were seen. The degree of apoptosis as measured by the annexin
V method was dependent on the concentration of ER4 and time of
incubation in the presence of ER4. Finally, apoptosis was confirmed by gel
electrophoresis of DNA isolated from the cells co-cultured with each
monoclonal antibody (MAb). DNA extracts from cells co-cultured with
ER4 or its F(ab')2 fragments demonstrated typical internucleosomal
DNA fragmentation. Medium alone, controls of anti-human C3bi recep-
tor MAb (1B4) and anti-rat MHC class 1 MAb (0X18) showed neither
nuclear changes nor significant labeling of the cells with the TDT reaction
or with the annexin V. Taken together, these results demonstrate for the
first time that anti-Thy-i MAb is able to induce apoptosis of rat GMC in
vitro. The Thy-i antigen on rat GMC, therefore, seems to function as one
of the molecules regulating cell death and thereby may determine the
degree of mesangial alteration in Thy-i nephritis.
The Thy-i antigen is one of the first differentiation antigens
expressed on mouse thymocytes [1]. This antigen has been found
also in tissue of rats [2—6], dogs [7] and humans [8]. In rats, the
Thy-i antigen is found on thymocytes [2—4], bone marrow cells [2,
4, 5], brain tissue [3] and intrinsic glomerular mesangial cells
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(GMC) [6]. In adult rats, although its function is unknown, the
Thy-i antigen is primarily expressed on GMC and not on mature
T cells [9].
Administration of polyclonal [10] or monoclonal anti-Thy-I
antibodies [ii, 12] to rats results in induction of a mesangial
proliferative glomerulonephritis with overt proteinuria. Following
administration of anti-Thy-i antibody, there is strong reduction of
the number of GMC with aneurysm formation. Approximately
five days following induction of disease, there is increased GMC
proliferation and accumulation of mesangial matrix. Occurrence
of glomerular inflammation is dependent on complement activa-
tion [13], influx of monocytes [14], aggregation of platelets [10, 15]
and possibly release of mediators such as reactive oxygen species
[161, MCP-1 [14], TGF-f3 [17, 18] and PDGF [19—22]. The binding
of anti-Thy-i antibody to rat GMC induces complement activa-
tion up to C9. This mechanism is presumably responsible for the
lysis of GMC [131.
Recently, using conventional morphological studies and the
terminal deoxynucleotidyl transferase (TDT) method, it was
demonstrated that apoptosis of GMC occurs unexpectedly in the
early phase of Thy-i nephritis [23]. This early presence of GMC
apoptosis may provide an alternative explanation for sequential
histological changes in Thy-i nephritis, since apoptosis is a
morphologically and biochemically distinct mode of cell death
from necrosis [24]. The specific role of complement regarding
apoptosis is not clear at the present time.
Therefore, in the present study, we have investigated whether
anti-Thy-i monoclonal antibodies (MAb) are able to induce
apoptosis of rat GMC in vitro.
Methods
Materials
Collagenase type Ia, pepsin, trypsin, bovine serum albumin
(BSA), trypan blue, proteinase K, RNase, dTTP, dATP, dCTP,
dGTP (Sigma Chemical Company, St. Louis, MO, USA), RPMI
1640 (Seromed, Biochrom K.G., Berlin, Germany), fetal calf
serum (FCS), agarose gel (Gibco BRL, Grand Island, NY, USA),
penicillin and streptomycin, Hoechst 33258, FITC-12-dUTP
(Boehringer Mannheim Gmbh, Mannhein, Germany), HiLoad
26/60 Superdex 200 prep grade, HiTrap Protein A (Pharmacia
LKB Biotechnology, Uppsala, Sweden), FITC conjugated goat
anti-mouse IgG (Becton Dickinson, San Jose, CA, USA), dispase
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(Collaborative Biochemical Products, Bedford, MA, USA), TDT,
5 X TDT reaction buffer (Promega, Heiderberg, Germany) and
Nonidet P-40 (BDH Laboratory, England, UK) were purchased
as indicated. FITC-labeled annexin V was prepared as described
[25].
Culture of mesangial cells
GMC were isolated from Sprague-Dawley rats according to the
method described in previous reports from our laboratory [26, 271.
In brief, glomeruli were collected after sequential sieving, treated
with type Ia collagenase and cultured in T75 flasks (Greiner) in
RPMI 1640 containing 100 U/mi penicillin, 100 pg/mi streptomy-
cm and 20% FCS at 37°C in a humidified 5% CO2 incubator.
After stellate formed cells had grown out from the glomeruli and
reached near confluence, flasks were washed with PBS and the
cells were trypsinized with 0.05% trypsin and subcultured in T75
flasks. Cells were maintained in RPMI 1640 containing 100 U/mI
penicillin, 100 g/ml streptomycin and 10% FCS, and passaged
into other T75 flasks. Isolated cells were identified as GMC by
morphological and immunohistochemical criteria as described
earlier [26, 27]. For the experiments, a defined number of cells
were plated into 48-well microtiter plates (Costar) or T75 flask in
such a way that approximately 1 X i0 cells per well or 20 X io
cells per T75 flask were present at the beginning of experiment,
respectively. A volume of 0.5 or 10 ml of medium was used for
experiments in 48 well plates or T75 flasks, respectively. All
experiments were performed with cells between passages five to
ten.
Mouse monoclonal antibodies
Mouse anti-Thy-i MAb (ER4) [11, 281 and anti-C3bi receptor
MAb for human monocytes (1B4) [29] were purified from ascitic
fluid by precipitation with 50% saturated ammonium sulfate
followed by gel filtration on a Superdex 200 prep grade column
and affinity purification on Protein A. ER4 and 1B4 are of the
IgG2a isotype. F(ab')2 fragments were prepared by pepsin diges-
tion and removal of Fc parts and intact IgG by protein A column
chromatography. IgGi anti-rat MHC class I MAb (0X18) [30]
purified by protein A was a gift of Dr. Emile der Heer (Depart-
ment of pathology, University Hospital Leiden). SDS-PAGE
analysis under non-reducing conditions demonstrated that the
lgG preparations were devoid of other protein contaminations
and that the F(ab')2 preparations were not contaminated with
intact IgG. The characterization of ER4 has been reported
previously as demonstrating that the ER4 antibody is directed
against Thy-1.1, a 25 kD antigen [11, 281.
The antibodies were kept in aliquots at —80°C at a concentra-
tion of 1 mg/mi and frozen and thawed maximally two times
before use.
Binding of antibodies to cultured rat GMC
To assess the binding of each purified MAb to GMC, cells were
cultured in T75 flasks for four days with RPM! 1640 containing
10% FCS. The cells were rendered quiescent by culturing in
RPM! 1640 containing 0.5% FCS for 24 hours, collected following
dispase treatment [271, washed twice and resuspended in 0.5 ml of
PBS containing 1% BSA. Cell suspensions were incubated for one
hour at 4°C with PBS, ER4, 1B4, their F(ab')2 fragments or 0X18
at concentrations indicated in Table I and Figure 1. Then the cells
were washed and incubated with FITC-conjugated goat anti-
Table 1. Binding of IgG2a anti-Thy-i MAb and its F(ab)2 fragments
to rat GMC
Antibodies
Concentration of MAb pg/O.5 ml/1O cells
0.05 0.5 5
Percent positive cells
ER4
F(ab')2 fragments of ER4
lB4
F(ab')2 fragments of 1B4
75.9 6.4 97.8 3.1
68.8 18.4 96.3 5.6
0.8 0.6 0.9 0.8
0.7 0.3 1.5 0.3
97.1 3.6
98.7 1.3
10.9 6.2
3.1 2.1
The results are expressed as the mean SD of 4 different experiments.
mouse IgG for 30 minutes at 4°C. Thereafter, the fluorescence of
the cells was evaluated by FACS (Becton Dikinson). At least 5000
cells from each sample were analyzed.
Reduction in cell size following co-culture with anti-Thy-1MAb
Rat GMC were seeded in 48-well microtiter plates in RPM!
1640 supplemented with 10% FCS and cultured for 48 hours at
37°C. Thereafter, the cells were washed with RPMI 1640 contain-
ing 0.5% FCS and incubated at 37°C for 24 hours. After adapta-
tion, the cells were incubated further at 37°C for indicated time
periods with ER4, 1B4 or their F(ab')2 fragments in the presence
of 0.5% FCS. All experiments were performed in triplicate.
Reduction in cell size was assessed by counting the number of
the cells with a diameter > 8.65 jm at the beginning of the
experiment in at least four separate wells and at indicated time
points using a Coulter Counter (Coulter Electronics Mijdrecht,
The Netherlands) with threshold settings equivalent to a diameter
of 8.65 Ilm. In a limited number of experiments, the distribution
of cell size was determined in 0.5 ml samples using a Coulter
Counter in conjunction with a Coulter C-bOO Channelyzer and
X-Y recorder as reported [31]. The viability of cells was also
determined after staining with trypan blue.
Effect of anti-Thy-I MAb on apoptosis of cultured rat GMC
Morphological studies. For the detection of apoptosis on a per-
cell level, we carried out morphological observations of nuclear
changes with Hoechst 33258 and visualized the loss of phospho-
lipid asymmetry. The latter was evaluated with F!TC-annexin V
which binds specifically to the negatively charged phospholipid,
phosphatidylserine (PS), during apoptosis [32, 33]. After 24 hours
of co-culture of the cells with RPMI 1640 containing 0.5% FCS
alone, medium containing 1 j.tg/ml (0.5 .tg/1 xi05 cells/well) of
ER4, !B4, their F(ab')2 fragments, or 0X18, all the cells in the
wells were collected by centrifugation and trypsinization. There-
after, the cells were incubated with FITC-annexin V in the
presence of PBS containing 1% BSA and 2.5 mM of CaCI2 at 4°C
for one hour. After washing, cells were fixed for 10 minutes with
1% paraformaldehyde. Cytospin preparations were made of the
cells co-cultured with each MAb. Before the observation by
fluorescent microscopy, nuclei were further stained with Hoechst
33258 at room temperature for three minutes. The nuclear
changes with Hoechst 33258 and reactivity with FITC-annexin V
were evaluated. The photographs were taken with a camera with
an automatic timer.
Quantification by FACS. Apoptosis on a per-cell basis was
analyzed and quantified on FACS by using FITC-annexin V
according to established methods [33]. Cells seeded in 48 well
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Fig. 1. FACS analysis of binding of ER4 and its F(ab)2 fragments to rat GMC. A total of 1 X iO quiescent cells were incubated with 5 .rg of ER4, 1B4,
their F(ab')2 fragments, 0X18 or PBS for one hour at 4°C. Then cells were washed and subsequently incubated with FITC-labeled goat anti-mouse IgG
for 30 minutes at 4°C. After fixation with 1% paraformaldehyde, fluorescence was measured by FACS. One representative experiment Out of 4 is shown.
plates were rendered quiescent followed by co-culture with vari-
ous concentrations of each MAb in RPMI 1640 containing 0.5%
FCS. At the indicated time points, all the cells in the wells were
collected, washed twice and suspended in annexin binding buffer
consisting of PBS containing 1% BSA and 2.5 m of CaCl2. Then,
FITC-annexin V was added to the cell suspension at a final
concentration of 2.5 g/ml. After incubation for one hour at 4°C,
cells were washed twice with annexin binding buffer and analyzed
by FACS.
In part of the experiments, the cells co-cultured as above were
separated in two tubes and evaluated in both the annexin V
method and the TDT method. The TDT method was performed
as described previously [34]. Briefly, cells were washed with PBS,
fixed with 0.5 ml of 1% paraformaldehyde for 15 minutes at 4°C
and permeabilized in 0.5 ml of PBS containing 0.025% of Nonidet
P-40 for 20 minutes on ice. Then, the cells were incubated for two
hours at 37°C with 50 l of TDT reaction mixture consisting of 10
units of TDT, 0.15 nmol of FITC-12-dUTP, 0.85 nmol of dTTP, 1
nmol of dATP, dCTP, dGTP and 10 1u1 of 5 X TDT buffer. The
TDT reaction was stopped by washing three times with PBS
followed by analysis on FACS.
The data were registered and analyzed on a FACScan program.
At least 5000 cells of each sample were analyzed.
Analysis of DNA fragmentation by agarose gel electrophoresis. Rat
GMC were seeded in T75 flasks and rendered quiescent. Then,
the cells were co-cultured for 24 hours in the presence of RPMI
1640 containing 0.5% FCS alone or medium with 1 jtg/ml (0.5
itg/1 X i0 cells) of ER4, 1B4, their F(ab')2 fragments, 1 jig/ml or
10 g/ml (5 j.Lg/1 X iO cells) of 0X18. Then, all the cells were
collected by centrifugation and trypsinization. Following the wash
with PBS, cells were lysed in 1 ml of TNE buffer consisting of 10
m Tris-HCI, 1 mM EDTA, 100 mM NaCl and 1% SDS, and then
the lysates were incubated with 200 j.g of proteinase K for 12
hours at 56°C. To purify the fragmented DNA, the lysate was
chilled on ice and the supernatant containing fragmented DNA
was collected by centrifugation at 14,000 g for 30 minutes at 4°C.
Next, the DNA was precipitated with 0.3 M sodium acetate and 2.5
volumes of absolute ethanol at —20°C for 18 hours. The DNA
fraction was concentrated by precipitation with 70% ethanol,
dissolved in 20 rl of TE buffer and treated with 33 jtg/ml of
DNase free-RNase A at 37°C for one hour. The concentration
and the purity of DNA samples were determined by spectrometer
at 260 nm, 280 nm and 320 nm, respectively. Before application to
2% agarose gels containing 0.4 g/ml of ethidium bromide, the
DNA samples were mixed with 4 i.tl of bromophenol blue [0.25%
(wt/vol)] and heated at 65°C for 10 minutes. Electrophoresis was
performed at 75 V for three hours. The DNA bands were
visualized by fluorescence in ultraviolet light and photographed
with a polaroid camera [35].
Statistical analysis
Results were expressed as the mean SD. Statistical analysis
was performed using one-way analysis of variance with simulta-
neous multiple comparisons between groups performed with
Fisher's PLSD methods, and a P value of 0.05 was used to
determine significance.
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Results
Quantitative assessment of binding of monoclonal antibodies to
cultured rat GMC
We first examined the binding of each MAb to rat GMC.
Quiescent rat GMC were incubated with PBS alone, ER4, 1B4,
their F(ab')2 fragments or 0X18 at concentrations indicated in
Table 1 or Figure 1, and subsequently assessed for binding to rat
GMC by FACS. A dose-dependent increase in binding of ER4
and its F(ab')2 fragments was observed. 1B4 and its F(ab')2
fragments showed very low binding to rat GMC. Background
staining with PBS was 0.3 0.1% (Table 1). Representative
FACS profiles at inputs of 5 jg MAb/1 X iO cells are shown in
Figure 1. With ER4, 98.3% of the cells were positive and with its
F(ab')2 fragments 100% positive cells were observed. 0X18
bound to 72.1% of the rat GMC. In contrast, reactivity of 1B4 and
its F(ab')2 fragments resulted in 9.7% and 3.1% positive cells,
respectively. Cells incubated with PBS and FITC-goat anti-mouse
IgG were 0.2% positive. Therefore, in further experiments, 0X18
was used as a control MAb that bound to rat GMC, while 1B4 was
used as an irrelevant isotype control MAb.
Reduction in cell size following co-culture with ER4 and its
F(ab')2 fragments
To examine whether ER4 induces a reduction in cell size, we
cultured quiescent rat GMC for 24 hours in the presence of 0.1, 1
and 10 j.g/m1 (0.05, 0.5 and 5 g/1 X iO cells/well) of ER4, 1B4
or their F(ab')2 fragments. Reduction in cell size was assessed at
the beginning of the experiment and at 24 hours of culture with
each MAb (Fig. 2). Although a clear dose-response was not
observed, ER4 resulted in a statistically significant reduction in
cell size as compared to the cells in the wells containing 1B4 at
concentrations of 1 and 10 g/ml. F(ab')2 fragments of ER4 also
induced a reduction in cell size as compared to F(ab')2 fragments
of 1B4 and medium alone. 1B4 and its F(ab')2 fragments, at
concentrations of 0.1 and 1 .tg/ml showed no detectable effects on
cell size as compared with medium alone. At the highest input of
10 j.Lg/ml, some toxicity was observed with 1B4 as determined by
Fig. 2. Reduction in cell size induced by different
concentrations of ER4 and its F(ab')2 fragments.
Quiescent rat GMC were co-cultured with
either medium alone, medium containing the
indicated concentrations of ER4, 1B4 or their
F(ab')2 fragments for 24 hours at 37°C.
Symbols are: (L) ER4; () 1B4; () F(ab')2
fragments of ER4; (ii) F(ab')2 fragments of
1B4. Then, the number of cells with a diameter
> 8.65 j.rm were measured by a Coulter
Counter. The results are expressed as the mean
so (N = 3). **P < 0.01, P < 0.001. P
values were determined relative to each control
MAb. ## P < 0.01. P values were calculated
0 8 16 24 32 40 48 56
Time, hours
Fig. 3. Time course of reduction in cell size induced by ER4 and its F(ab')2
fragments. Quiescent rat GMC were co-cultured with either medium
alone, medium containing 1 j.g/ml of ER4, 1B4 or their F(ab')2 fragments.
Symbols are: (—R---) medium; (—0—) ER4; (---A---) 1B4; t—•—1)
F(ab')2 fragments of ER4; (---A---) F(ab')2 fragments of 1B4. At each
time point, the number of cells with a diameter > 8.65 /zm was measured
by a Coulter Counter. The results are expressed as the mean SD (N =
3). °P < 0.05, tP < 0.001. P values were determined as compared to each
control MAb. #P < 0.05, ##P < 0.01. P values were also calculated
relative to medium alone.
LDH assessment [361. Therefore, 1 sg/m1 of antibody was chosen
for further experiments.
In a next set of experiments, we analyzed the effect of time of
incubation with ER4 or its F(ab')2 fragments on changes in cell
size (Fig. 3). Quiescent cells were co-cultured with 1 j.tg/ml of
ER4, 1B4 or their F(ab')2 fragments, for 8, 24 and 48 hours and
assessed for change in cell size. Significant reductions in cell size
were seen with either ER4 or its F(ab')2 fragments at eight hours
of culture (ER4, P < 0.05; F(ab')2 fragments of ER4, P < 0.001).
1B4 or its F(ab')2 fragments also induced a reduction in the
number of cells with some changes in cell size at 48 hours of
culture. On the basis of these experiments, we chose to perform
further experiments at time points between 8 and 24 hours.
We analyzed the cell size distribution by a Coulter C-bOO
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Fig. 4. Fluorescence photographs of apoptotic rat GMC. Quiescent cells were co-cultured with ER4 for 24 hours and stained with FITC-annexin V (A
x 400, B x 1000) and Hoechst 33258 (C X 1000). The arrows indicate annexin V positive cells (A), higher magnification of an annexin V positive cell
(B) and nuclear fragmentation (C). Cells co-cultured with 1B4 show neither positive staining with FITC- annexin V (D X 400, E x 1000) nor nuclear
changes with Hoechst 33258 (F x 1000). Cells co-cultured with medium alone and OX 18 displayed similar staining as D, E and F (not shown).
Channelyzer. The trace of size distribution demonstrated that
exposure of rat GMC to I JLg/ml of ER4 for eight hours resulted
in a downward shift in the peak of cell size. In contrast, size
analysis of cells incubated with 1B4 did not induce a significant
reduction in cell size as compared to the cells incubated with
medium alone.
Moiphological changes
To determine whether the reduction in cell size was associated
with apoptosis, we analyzed the morphological changes of the
cells cultured for 24 hours in the presence of ER4, 1B4, their
F(ab')2 fragments or 0X18. Cells co-cultured with ER4 revealed
nuclear dissociation into spherical fragments of condensed gran-
ules with intense fluorescence of Hoechst 33258, as shown in
Figure 4. Simultaneously, we examined the possible reaction of
the cells cultured in the presence of ER4 with FITC-annexin V as
well. Cells co-cultured with ER4 were well stained with FITC-
annexin V coinciding with nuclear condensation (Fig. 4 A-C).
However, cells co-cultured with control MAbs revealed neither
detectable nuclear changes nor reactivity with FITC-annexin V
(Fig. 4 D-F). These results indicate that ER4 or its F(ab')2
fragments induce apoptosis of rat GMC.
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Quantitative FACS analysis of apoptosis induced by ER4
Fig. 5. Quantification of apoptosis in cultured rat GMC induced by ER4
and its F(ab')2 fragments. Quiescent cells in 48 well plates were co-
cultured with either medium alone, medium containing 1 g/ml of ER4,
1B4, their F(ab')2 fragments or with two concentrations (1 and 10 /.LgIml)
of 0X18 for 24 hours at 37°C. After incubation, the cells were labeled by
the annexin V method (A) and the TDT method (B) as described in the
Methods section. Then, the cells were analyzed by FACS. The results are
expressed as the mean SD (N 3). p < 0.01, < 0.001. P values
were calculated relative to medium alone and control MAbs. There were
no statistically significant differences between control MAbs, and medium
alone. 0X18(1) means an input of 1 jtg/ml and 0X18(10) indicates an
input of 10 sg/ml.
Apoptosis induced by ER4 was evaluated quantitatively by the
annexin V method (Fig. 5A). Co-culture of rat GMC for 24 hours
with 1 j.g/ml (0.5 j.Lg/l X iO cells/well) of ER4 resulted in 33.7
4.6% annexin V positive cells. Cells co-cultured with 1 j.g/ml of
F(ab')2 fragments of ER4 were 31.4 6.2% annexin V positive.
In contrast, 1 j.g/m1 of 0X18, 1B4 and F(ab')2 fragments of 1B4
induced only 7.2 1.7%, 5.5 1.6% and 5.9 0.9% annexin V
positive cells, respectively. Further, the presence of 10 pg/mI (5
X iO cells/well) of 0X18 resulted in only 8.2 2.3%
annexin V positive cells. No detectable differences were observed
between each control MAb and medium alone, which showed 6.1
1.6% annexin V positive cells. Statistical analysis of these
results showed a significant reactivity of annexin V for cells
co-cultured with ER4 and F(ab')2 fragments of ER4 as compared
with medium alone and controls [ER4, P < 0.001 relative to
medium alone and controls; F(ab')2 fragments of ER4, P < 0.001
relative to medium alone and controls].
Cells co-cultured as above were analyzed by the TDT method as
well (Fig. SB), and 18.9 2.7% and 23 5.7% of the cells
co-cultured with ER4 or its F(ab') 2 fragments were labeled by the
TDT method, respectively (ER4, P < 0.01 relative to medium
alone and control MAbs; F(ab')2 fragments of ER4, P < 0.001
relative to medium alone and control MAbs). In contrast, cells
incubated with control MAbs showed very low incorporation of
labeled nucleotide. There were no statistically significant differ-
ences between medium alone and control MAbs, even at 10 g/ml
of 0X18.
Kinetics of apoptosis of rat GMC
To investigate the kinetics of apoptosis in cultured rat GMC
induced by ER4 in a quantitative fashion, cells were cultured for
4, 8, 24, 48 hours in the presence of I j.g/ml (0.5 g/1 X i05
cells/well) of ER4, 1B4 or their F(ab')2 fragments. Then, the
percentage of FITC-annexin V positive cells was determined by
FACS at each time point (Fig. 6). At 24 hours, 41 12% of the
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Fig. 6. Time-dependent induction of apoptosis in rat GMC by ER4 and its
F(ab')2 fragments. Quiescent cells were co-cultured with either medium
alone, medium containing 1 .sgIml of ER4, 1B4 or their F(ab')2 fragments
for the indicated time periods. Symbols are: (—U---) medium; (—0——)
ER4; (---A---) 1B4; (—S—) F(ab')2 fragments of ER4, (---A---) F(ab')2
fragments of 1B4. After incubation, the cells were prepared for FACS
analysis as described in the Methods section. The results represent the
mean SD of 3 experiments.
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Fig. 7. Dose-dependent induction of apoptosis in rat GMC by ER4 and its
F(ab')2 fragments. Quiescent cells were co-cultured with either medium
alone, medium containing the indicated concentrations of ER4, 1B4 or
their F(ab')2 fragments for 24 hours at 37°C. Symbols are: (LI) medium;
(::) ER4; () 1B4; () F(ab')2 fragments of ER4; (ill) F(ab')2 fragments
of 1B4. After incubation, cells were prepared for FACS analysis as
described in materials and methods. One representative experiment out of
3 is shown.
cells co-cultured with ER4 and 46 9.7% of the cells co-cultured
with F(ab')2 fragments of ER4 were annexin V positive. The
percentage of annexin V positive cells co-cultured with ER4 or its
F(ab') fragments increased in a time-dependent fashion. In
contrast, the percentage of annexin V positive cells co-cultured
with 1B4, its F(ab')2 fragments or medium alone exhibited no
detectable increase. At 48 hours, only 11.6 4.0% of the cells
co-cultured with 1B4 and 10.3 4.0% of the cells co-cultured with
its F(ab')2 fragments were annexin V positive. Background value
of cells cultured with medium alone was 9.9 4.2% at 48 hours.
Further, we performed dose response experiments regarding
the percentage of annexin V positive cells by culturing cells for 24
hours in the presence 0.01, 0.1 and 1 iig/ml (0.05,0.5 and 5 tg/1
>< i0 cells/well) of ER4, 1B4 or each F(ab')2 fragment (Fig. 7).
Both ER4 and its F(ab')2 fragments revealed high percentages of
annexin V positive cells at inputs of 0.1 and 1 g/ml. A clear
dose-dependent apoptosis of rat GMC was seen, while 1B4, its
F(ab')2 fragments and medium alone had little effect.
Demonstration of DNA fragmentation with agarose gel
elect ropho resis
Finally, to confirm that apoptosis of rat GMC was induced by
ER4 and its F(ab')2 fragments. DNA fragmentation of rat GMC
co-cultured with medium alone or in the presence of each MAb
was determined. DNA extracts from the cells co-cultured with
ER4 or its F(ab')2 fragments demonstrated typical DNA frag-
mentation. By contrast, DNA prepared from cells co-cultured
with 1B4, F(ab')2 fragments of 1B4, 0X18 or medium alone did
not show significant DNA fragmentation, even at the highest
input of 0X18 (Fig. 8).
Discussion
In vivo, the presence of apoptosis in the mesangial area of
proliferative nephritis has been reported in human disease and
animal models [ii, 23, 37—39]. In vitro, it has been demonstrated
that apoptosis of GMC occurs after complete deprivation of
Fig. 8. Effect of ER4 and its F(ab')2 fragments on DNA fragmentation in rat
GMC. DNA extract from cells co-cultured with either medium alone,
medium containing 1 tg/ml of ER4, 1B4, their F(ab')2 fragments or with
two different concentrations (1 and 10 .rg/ml) of 0X18 were analyzed as
described in materials and methods. OX18(1) means an input of 1 g/ml
and 0X18(10) indicates an input of 10 jLgIml.
growth factors from the culture in the absence of additional
external stimuli. Apoptosis in this model is potentiated by the
addition of cycloheximide [23]. In the present study, we have
demonstrated that IgG2a anti-Thy-i MAb and its F(ab')2 frag-
ments are able to induce apoptosis of rat GMC in the presence of
low concentration of FCS.
Anti-Thy-i antibody was used as an external stimulant for the
induction of apoptosis, because it has been demonstrated that
injection of anti-Thy-i MAb is associated with apoptosis of GMC
in the early phase in Thy-i nephritis induced by either monoclonal
[11] or polyclonal antibodies [23]. In other types of cells, it has
been shown that anti-Thy-i MAb specifically induce thymocyte
apoptosis in vitro [40—421. Furthermore, inhibition of cell prolif-
eration in primitive hematopoietic progenitor cells by anti-Thy-i
MAb has been shown [43]. However, the mechanism by which
anti-Thy-i antibody induces apoptosis in these cells is not fully
understood.
In the present study, apoptosis in rat GMC was confirmed by
morphological nuclear changes with Hoechst staining, demonstra-
tion of typical internucleosomal DNA fragmentation on agarose
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gel electrophoresis and labeling by the TDT reaction. The TDT
method is assumed to be the most specific biochemical method for
the detection of apoptosis [34]. It is generally accepted that
apoptosis depends on nuclear degradation [44, 45]. However, it
was also reported that apoptosis may occur in enucleated cells
without morphological nuclear changes and endonuclease DNA
cleavage [461. This indicates that DNA degeneration is not always
an absolute hallmark of apoptosis. Therefore, we also measured
apoptosis with a recently described method using annexin V [33].
Annexin V has a high and specific affinity for PS [25, 321 and it
has been demonstrated clearly that measurement of reactivity
with FITC-annexin V is a reliable and quantitative method for the
detection of membrane changes during apoptosis [33]. Indeed, we
observed a high percentage of annexin V positive cells in rat GMC
co-cultured with ER4. There was a good correlation between the
annexin V and the TDT method. It should be kept in mind that
these methods theoretically recognize necrotic cells as well [33,
34]. However, this possibility is unlikely, since we did not observe
LDH release, a strong argument against necrosis in our experi-
ments. We did not observe necrotic cells or dead cells by trypan
blue exclusion either. In addition, it is also unlikely that the mere
binding of ER4 may induce binding of annexin V independent
from induction of apoptosis, because the binding of ER4 to
nonstarved GMC, immediately followed by incubation with an-
nexin V, did not result in an increased binding of annexin V to the
rat GMC (data was not shown).
The effects of ER4 or its F(ab')2 fragments on apoptosis of rat
GMC were specific, because neither a control antibody recogniz-
ing rat MHC class I nor an irrelevant control MAb for ER4
displayed significant apoptosis. An isotype control for ER4 was
used, because it has been shown that GMC express receptors for
IgG [47, 48]. Although a low number of annexin V positive cells
was sen with the isotype control MAb, the difference was not
significant as compared to medium alone, suggesting that Fc
receptor interaction does not play a significant role in apoptosis of
rat GMC in vitro.
One of the factors which is involved in apoptosis is a reduction
in cell size [31]. We demonstrated that ER4 dramatically influ-
enced rat GMC size. However, we did not observe a direct
relation between reduction in cell size and antibody concentra-
tion. With annexin V, however, a clear dose-response relationship
was seen (Fig. 7), suggesting that the annexin V method may be
more sensitive in this regard. Furthermore, it has been shown that
annexin V may be used as an early measure for apoptosis [33].
In Thy-i nephritis, disappearance and degeneration of GMC
was observed temporarily following injection of anti-Thy-i anti-
body in vivo. This GMC injury is thought to be a complement-
dependent phenomenon. These results based on in vivo experi-
ments with polyclonal anti-Thy-i antibody in combination with
complement depletion with cobra venom factor [13]. In vitro, we
demonstrate that apoptosis of cultured rat GMC is induced by
ER4 alone. Whether complement may enhance or change the
effect of ER4 was not addressed. However, in a recently published
histological study, time course experiments in Thy-i nephritis
induced by polyclonal anti-Thy-i antibodies demonstrated that
the peak of apoptosis as determined by the TDT method was
present unexpectedly in the early phase of nephritis coinciding
with mitosis [23]. In other models of apoptosis, a peak of
apoptosis is usually followed by that of mitosis [49, 50]. This
paradoxical time course of apoptosis in Thy-i nephritis suggests
that apoptosis of GMC as well as complement attack may
contribute to in vivo GMC alteration in the early phase of Thy-i
nephritis. Apoptosis in Thy-i nephritis may not be the only factor
for deletion of unwanted hypercellularity, but it also may contrib-
ute to GMC alteration in the early phase of Thy-i nephritis.
The minimal amount of ER4, which was required for the in vitro
induction of GMC apoptosis, was 0.05 tgER4/1 >< iO cells (Fig.
7) and optimal apoptosis was observed with 0.5 fLgER4/1 X iO
cells. Assuming that a rat has 6 X iO glomeruli in two kidneys
[51] and one glomerulus contains 300 GMC [52], administration
of 400 g ER4 per rat [11] would mean approximately 2.2 xg
ER4I1 X i0 cells in vivo. This concentration is an optimal
concentration for the induction of nephritis. Therefore, the
amounts used in vitro are compatible to the concentration that
induce histological changes of Thy-I nephritis in vivo.
The mechanism of apoptosis induced by anti-Thy-i MAb is at
present unknown. In other cell types, it has been reported that the
Thy-i mediated apoptosis, which is thought to be involved in
negative selection of self-reactive thymocytes, is not inhibited by
cycloheximide, actinomycin D and EGTA [40]. On the other
hand, apoptosis of Thy-i transfected thymoma cells induced by
anti-Thy-i MAb was blocked by these reagents [40]. Thus, the
mechanism of Thy-i mediated apoptosis might vary for different
cell types. Concerning the induction of apoptosis of GMC by
anti-Thy-i MAb, we think that the mechanism will be more
complex, because GMC secrete a number of growth factors, which
may prevent or enhance apoptosis [23].
The present study also provides an alternative explanation for
the possible recognition of apoptotic rat GMC by phagocytes and
activation of the coagulation system in Thy-i nephritis. The
exposure of PS on the membrane of GMC may activate the
coagulation system followed by platelet aggregation and release of
substances such as PDGF [53, 54]. It has been demonstrated that
PDGF plays an important role in the proliferation of GMC in vivo
[19—22]. We demonstrate indirectly that apoptotic rat GMC
expose PS on their surface. PS is a negatively charged phospho-
lipid which may be recognized by phagocytic cells [53].
Both withdrawal of essential survival factors [23] and external
stimulation of cell surface molecules such as Fas antigen and
clusterin are suggested as the induction mechanisms of apoptosis
in GMC [23, 55—5 8]. Our results suggest, to our knowledge for the
first time, that the Thy-i antigen on rat GMC may be one of the
molecular structures that regulate cell death. Therefore, the
present study provides additional clues to understand the patho-
genesis of sequential changes in proliferative nephritis, especially
Thy-i nephritis.
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